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The rapid growth of the magnetostriction coefﬁcient of ferromagnetic Fe1−xGax alloys that occurs at a
composition range from 0 < x < 0.20 has recently been associated with the formation of nanoscale tetragonal
precipitates close to an order-disorder transition. The structurally anisotropic precipitates are proposed to rotate
in an applied magnetic ﬁeld, thereby resulting in a large magnetoelastic response. X-ray diffuse scattering
measurements sensitive to the atomic short-range ordering and lattice strain were performed on a quenched
18.7 at. % Ga alloy and show no dependence on the application of a magnetic ﬁeld. This negative result sets
limits on the role of nanoscale precipitates in magnetostriction.
DOI: 10.1103/PhysRevB.85.214437 PACS number(s): 75.80.+q, 75.50.Bb, 61.66.Dk
Upon substitution of Ga in BCC α-Fe, the tetragonal
magnetostriction along the [0,0,1] direction is observed to rise
by as much as a factor of 10.1 The relative simplicity of the
Fe1−xGax alloy, and its desirable mechanical properties, make
it suitable for exploitation in a variety of sensors, transducers,
and other applications. Despite recent studies,2–8 the origin
of the enhanced magnetostriction remains poorly understood
and somewhat controversial. On one hand, the enhancement
could arise from band-structure effects and chemical potential
tuning caused by Ga substitution, which acts as an electron
donor.2,9,10 On the other hand, the composition-dependent
magnetostriction coefﬁcient reaches a maximum near x =
0.20, close to the order-disorder phase transition from the
random A2 binary alloy to the ordered D03 Fe3Ga structure.
The presence of long-range ordering into the D03 structure
has been noted for compositions with x > 0.20 (Ref. 5), and
evidence of short-range D03 order for x < 0.20 is present
in x-ray diffraction data for Fe-Ga.7 Ab initio band-structure
calculations have predicted that the D03 ordering is preferred
over the A2 and B2 structure types.11
In the composition range near x = 0.20, the properties of the
alloy are sensitive to the thermal history with quenched alloys
displaying the largest magnetostriction.12 This sensitivity to
thermal history highlights a possible role for Ga ordering
or D03 precipitation in determining the magnetostrictive
properties. The simplest possible explanation is that long-
range ordering of Ga atoms with D03 order is detrimental
to magnetostriction2,5 and that quenching simply prevents the
long-range order. However, it is also possible that chemical
short-range ordering of the Ga atoms, for compositions
below the order-disorder transformation, acts to enhance the
magnetostriction. One such proposal suggests that strongly
distorted nanoscale tetragonal precipitates are responsible for
the enhanced magnetostriction.3,4,6,8
Within the tetragonal precipitates model, nanometer-sized
precipitates are characterized by a large tetragonal distortion
along the [0,0,1] cubic axis with a ratio of lattice parameters
c/a > 1. The precipitates are coupled via magnetic exchange
interactions to the localmagnetization directionwith the longer
c axis lying parallel to magnetization. Upon the application of
a saturating magnetic ﬁeld, the precipitates rotate or distort
in concert with the much larger ferromagnetic domains such
that the longer c axis is parallel to the ﬁeld direction, and
elastic coupling of precipitates to the A2 matrix results in
large magnetostriction. This strongly nonuniform strain ﬁeld
should be observable in a diffraction experiment.
Experimental evidence both in support of6 and in oppo-
sition to tetragonal precipitates7 has been published using
neutron- and x-ray-diffraction techniques, respectively. In
addition, Laver et al. report the presence of magnetic inho-
mogeneities based on small-angle neutron scattering (SANS)
from electron-irradiated Fe-Ga samples.8 It is difﬁcult to ascer-
tain whether the SANS results are intrinsic to the Fe-Ga alloys
or are related to irradiation-induced defects. A fair comparison
between the two measurements can only be made if SANS
results are reported on nonirradiated samples. One way to
reconcile the controversy is to study the diffuse scattering
arising from short-range chemical ordering and lattice strains
in an applied magnetic ﬁeld. In the tetragonal precipitate
model, the applied ﬁeld should introduce anisotropies in the
diffuse scattering intensity depending on the orientation of
the scattering vector relative to the ﬁeld direction. Here,
we present a series of measurements of the x-ray diffuse
scattering in an applied magnetic ﬁeld. The lack of any
observed magnetic-ﬁeld dependence in these measurements
allows us to reject the hypothesis that nanoscale tetragonal
precipitates are present with a sufﬁcient tetragonality (c/a
ratio) and concentration to be relevant for magnetostriction.
X-ray diffuse scattering experiments were performed on
a single crystal of quenched Fe-Ga alloys of nominal
18.7 at. % Ga composition. Preparation of the single-crystal
sample is described elsewhere.7 High-energy x-ray measure-
ments were conducted in transmission geometry with Ei =
100 keV at Sector 6-ID-D of the Advanced Photon Source at
Argonne National Laboratory. Diffraction data are described
in the BCC unit cell of the Fe-Ga random solid solution,
and we deﬁne Q = (H,K,L) = 2π
a
(H ˆi + K ˆj + L ˆk) as the
scattering vector, where a = 2.9 A˚ is theBCC lattice parameter.
Samples were mounted in a closed-cycle He refrigerator for
low-temperature studies. The diffuse scattering intensity was
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FIG. 1. (Color online) (a) Magnetization versus applied ﬁeld for
the quenched 18.7% Ga alloy of Fe1−xGax . The magnetic ﬁeld is
applied along the [0,0,1] direction in the plane of a thin sample. For x-
ray measurements using the MAR image plate and point detector, the
incident x-ray beam is directed close to the [0,1,0] direction. (b) For
a vertical scattering plane using the point detector, the conﬁguration
for scattering perpendicular to the ﬁeld (Q ⊥ B) has the ﬁeld in the
horizontal plane. (c) In order to attain a conﬁguration for scattering
parallel to the ﬁeld (Q ‖ B), the magnet and sample were mutually
rotated such that the ﬁeld is in the vertical scattering plane.
measured with both a MAR345 image plate and a solid-state
Ge point detector for broad and focused reciprocal space stud-
ies, respectively. Measurements of the diffuse scattering were
ﬁrst performed in a zero ﬁeld as a function of temperature (from
300 to 20K). Subsequently, a 2500-Gmagnetic ﬁeld, produced
by an assembly of yoked Nd-Fe-B magnets, was applied at
300 K, the temperature-dependent measurements were then
repeated in a ﬁeld-cooled conﬁguration. As Fig. 1(a) shows,
the applied ﬁeld almost fully saturates themagnetization of our
quenched sample. We observe no change in the average lattice
parameter after the ﬁeld is applied. We note that the change
in lattice parameter in an applied ﬁeld due to the uniform
magnetostrictive strain of ∼250 ppm expected for this alloy is
too small to observe in our diffraction experiment.
For studies using the MAR345 image plate detector, the
x-ray beam was incident along the [0,1,0] crystallographic
axis, and the ﬁeld was applied in a horizontal direction along
[0,0,1] [as shown in Fig. 1(b)]. For point detector studies,
we chose a vertical scattering plane. The application of a
magnetic ﬁeld along the [0,0,1] direction and perpendicular
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FIG. 2. (Color online) Dependence of the diffuse scattering
intensity on a 2500-G magnetic ﬁeld applied along the [0,0,1]
direction in a quenched Fe-Ga alloy with 18.7 at. % Ga at room
temperature. Panel (a) compares diffuse scattering at Q = (H ,0,0)
near (1,0,0) (Q ⊥ B, blue circles) and at Q = (0,0,L) near (0,0,1)
(Q ‖ B, red triangles). Panel (b) compares similar cuts of the diffuse
scattering near (3,0,0) (Q ⊥ B, blue circles) and (0,0,3) (Q ‖ B, red
triangles). The difference in the Q ⊥ B data to the Q ‖ B is shown as
open symbols in (a) and (b) and on an expanded scale for data near (c)
(1,0,0) and (0,0,1) and (d) (3,0,0) and (0,0,3). Lines in (c) and (d) are
ﬁts described in the text. Error bars shown correspond to 1 standard
deviation in the counting statistics and are often smaller than the size
of the symbols.
to the scattering plane, as shown in Fig. 1(b), allowed for
diffractionmeasurements to be performed at (H ,0,0) positions,
which are perpendicular to the applied ﬁeld (Q ⊥ B). The
conﬁguration with the magnetic ﬁeld parallel to Q = (0,0,L)
(Q ‖ B) was set by mutually rotating the magnet and sample
into the vertical scattering plane as shown in Fig. 1(c).
Scattering from atomic short-range ordering in the disor-
dered (on average) A2 phase has been characterized by both
neutron-6 and x-ray-diffuse scattering.5,7 Broad peaks develop
at characteristicwave vectors (1,0,0) and (1/2,1/2,1/2) that are
forbidden in the diffraction pattern of the BCC α-Fe structure
(where allowed Bragg peaks obey the condition that integer
H + K + L = even), which can most simply be described
as D03 chemical short-range order (SRO). Details of the
short-range order diffuse scattering, such as peakwidths (or
correlation length), and peak asymmetry in the absence of
a magnetic ﬁeld depend strongly on Ga composition and
heat treatment and are discussed in detail in Ref. 7.
Figures 2(a) and 2(b) show the scattered x-ray intensity at
(H ,0,0) and (0,0,L) positions with the magnetic ﬁeld applied
along [0,0,1]. In general, the SRO peaks are very similar to
those observed in the absence of an applied ﬁeld, i.e., they are
broad and asymmetric with a tail extending to the high-Q side.
As a rough model of the short-range chemical correlations,
we use an exponentially decaying correlation function in
real space with correlation length ξ . The resulting scattering
functionwill have aLorentzian peak shape, and Fig. 2(a) shows
a ﬁt to the data, resulting in ξ = 4.9 ± 0.3 A˚ , similar to that
reported from previous x-ray diffraction measurements.7
However, the asymmetry of the peak shape, much more
noticeable near Q = (3,0,0), is not captured by this sim-
ple Lorentzian model of short-range chemical order. In
214437-2
X-RAY DIFFUSE SCATTERING MEASUREMENTS OF . . . PHYSICAL REVIEW B 85, 214437 (2012)
0.50 0.75 1.00 1.25 1.50
0
4
8
12
0.50 0.75 1.00 1.25 1.50
0
4
8
12
(H,0,0) or (0,0,L) (units of 2π/a)
In
te
n
si
ty
a-axis
c-axis
total
No applied field
Random domains
Tetragonal precipitate model, c/a=1.05, ξ=2a
(a) (b)
Q perp B
Q par B
Diff
FIG. 3. (Color online) Schematics of the expected scattering from
nanoscale tetragonal precipitates with tetragonality ratio c/a = 1.05
and correlation length ξ = 2a for scans along (a) Q = (0,0,L) with
no applied magnetic ﬁeld (black) showing contributions from the
c-axis (red dash-dot line) and a-axis (blue dashed line) domains,
(b) at Q = (0,0,L) (Q ‖ B, red) and Q = (H ,0,0) (Q ⊥ B, blue) with
the saturating ﬁeld applied along [0,0,1]. The black line in (b) is the
difference between Q ⊥ B and Q ‖ B.
demagnetized samples, this asymmetry has rather been
interpreted as a poorly resolved tetragonal splitting in
nanoscale precipitates.6 Figure 3 shows schematically how
small tetragonal precipitates would appear in a diffrac-
tion experiment. Here, we assume that precipitates have a
tetragonal splitting with c/a = 1.05 and a typical size of
ξ = 2a = 6 A˚, which is consistent with predictions of the
tetragonal precipitate model.3,4 In a demagnetized sample,
random magnetic domains result in three possible precipitate
orientations (i.e., a 33% chance of the tetragonal c axis
lying along [0,0,1]), and the scattered x-ray intensity along
the [0,0,1] direction can be represented by the sum of two
Lorentzian functions,
I = I0κ
3π
[
2
(L − L0)2 + κ2 +
1(
L − a
c
L0
)2 + κ2
]
,
where κ = a/2πξ is the width of a single Lorentzian diffuse
scattering peak in reciprocal lattice units. Without an applied
ﬁeld, Fig. 3(a) shows that two broad peaks are expected at
L = L0 and L = (a/c)L0 with integrated intensities 2I0/3 and
I0/3, respectively. The parameterL0 = 1,3,5,. . . is the nominal
position of the D03 short-range order peaks along (0,0,L), and
I0 is the integrated intensity of the peak with no tetragonal
distortion. The total intensity could appear as clearly resolved
split peaks (for κ  c/a) or as a broad asymmetric peak (for κ
∼ c/a) with a tail toward the low-Q side of L = L0 for c/a >
1. Our choice of parameters in Fig. 2 results in an asymmetric
peak similar to that observed by Cao and co-workers in their
neutron data.6
The alignment of the domains in a saturating magnetic
ﬁeld along [0,0,1] will establish the unique c axis (along with a
positivemagnetostriction in the tetragonal precipitates model).
The resulting diffraction data should consist of a single peak
at Q = (0,0, a
c
L0) with intensity I0 in the Q ‖ B conﬁguration
and a single peak at Q = (H0,0,0) with intensity I0 in the
Q ⊥ B conﬁguration as shown in Fig. 3(b). The difference
of the scans performed parallel and perpendicular to B, also
shown in Fig. 3(b), should allow one to test the veracity of
the tetragonal precipitate model. In our experiment, we ﬁnd
that the measured intensity depends negligibly on the relative
orientation of Q and the ﬁeld direction. Figures 2(a) and 2(b)
show that the short-range order peaks at (1,0,0) and (3,0,0)
(Q ⊥ B) are nearly identical to the (0,0,1) and (0,0,3) peaks
(Q ‖ B). The differences in the scattering intensity perpendic-
ular and parallel to the applied ﬁeld are shown in Figs. 2(c)
and 2(d) and show a very small residual feature that resembles
the difference plot in Fig. 3(b). The difference can be ﬁt to the
function,
I = I0
π
[
1
(H − H0)2 + κ2 −
1(
L − a
c
L0
)2 + κ2
]
.
With the correlation length being ﬁxed to the value of ξ =
4.9 A˚, the ﬁt to the difference data at the (1,0,0)/(0,0,1) position
is very poor, and c/a = 1.001 ± 0.019 indicates a very weak
or nonexistent tetragonal strain. Similar conclusions arise from
the ﬁtting of the intensity difference at the (3,0,0)/(0,0,3)
position with c/a = 1.001 ± 0.002. It is difﬁcult to ascribe
much physical meaning to the very small residual intensity
differences as they can easily arise from minute changes in
the background intensity after rotating the sample and magnet
assembly. The lack of any noticable tetragonal distortion in
the D03 clusters or precipitates is in agreement with ab initio
band-structure calculations of Fe-Ga alloys where it is found
that D03 nanostructures constrained in the matrix of an A2
alloy remain cubic.13
Another possible experimental signature of tetragonal
precipitates is the appearance of streaks of diffuse scattering,
which strongly peak at allowed BCC Bragg positions due to
static lattice strains caused by tetragonal precipitates in a cubic
matrix (Huang scattering). When the precipitates line up in a
magnetic ﬁeld, tetragonal anisotropywill develop in theHuang
scattering with the ﬁeld direction forming a unique tetragonal
axis. To examine this possibility, we measured the diffuse
scattering over awide reciprocal space using aMAR345 image
plate in transmission scattering geometry with an incident
x-ray beam of 100 keV directed along the [0,1,0] direction.
In this geometry, the image plate acquires data over a section
of the Ewald sphere tangential to the (H ,0,L) plane. The large
incident energy results in a fairly ﬂat Ewald sphere, which,
nonetheless, is slightly off the symmetry plane.
In Fig. 4(a), we plot the diffuse scattering over a wide
range of reciprocal space on the Ewald sphere close to the
(H ,0,L) plane after the sample was cooled to a temperature of
T = 20 K with no applied ﬁeld. The two main components of
the diffuse scattering are clear from the data in Fig. 4(a). The
circular peak shapes located at H + L = odd correspond to
chemical short-range order peaks as seen in Fig. 2 with the
point detector. Much stronger diffuse scattering is observed
near the allowed BCC Bragg peaks with H + L = even. This
scattering can be associated with thermal diffuse scattering
due to thermal lattice vibrations in the sample and may also
contain a Huang scattering contribution from strain caused by
tetragonal precipitates. The low sample temperature of 20 K is
chosen to reduce the contribution of thermal diffuse scattering.
With regard to the contribution of thermal vibrations to
the diffuse scattering, we show calculations of the thermal
diffuse scattering in Fig. 5. These calculations were performed
using a Born-von Karman model for the lattice dynamics
with force constant parameters obtained from ﬁts to inelastic
neutron-scattering measurements of the phonon dispersion
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FIG. 4. (Color online) Diffuse scattering measurements in the (H ,0,L) plane of the quenched 18.7% Ga sample with (a) T = 20 K and no
applied magnetic ﬁeld. (b) Cooled to T = 20 K in a magnetic ﬁeld of 2500 G applied along the [0,0,1] direction, (c) difference in ﬁeld on data
minus ﬁeld-off data. In panel (b), the dashed circles plotted at different radii (different scattering angles) correspond to the paths taken as a
function of the azimuthal angle (φ) for the three circular cuts shown in Fig. 6.
in the Fe-Ga alloy system.14 Using these parameters, we
calculated the thermal diffuse scattering intensity to second
order in the atomic displacements at T = 20 K for phonon
wave vectors on the surface of the Ewald sphere deﬁned from
our experimental conﬁgurationwith an incident energy ofEi =
100 keV and the incident beam directed along the [0,1,0]
axis. The features of the thermal diffuse scattering consist
of elliptical and butterﬂy shapes that are strongly peaked near
the allowed Bragg reﬂections [for example, (0,0,2)]. These
features correspond directly to those observed in Fig. 4(a) with
the exception of diffuse scattering intensity near forbidden
reﬂections which, as noted above, are related to chemical
(002)
L
H
Intensity (arb. units)0 1
FIG. 5. (Color online) Calculation of the thermal diffuse scat-
tering intensity over the Ewald sphere with Ei = 100 keV and the
incident beam along the [0,1,0] direction for an Fe-Ga alloy at T =
20 K. Lattice dynamical parameters were obtained by Zarestky et al.
from inelastic neutron-scattering data.11
short-range ordering. Thus, we can identify all the main
features of the diffuse scattering pattern.
The diffuse scattering measured after the sample was
cooled to T = 20 K in a magnetic ﬁeld of 2500 G applied
along the [0,0,1] direction is shown in Fig. 4(b). The diffuse
scattering features located near both H + L = odd and even
are nearly identical after an application of the ﬁeld. More
importantly, there are no discernible anisotropies introduced
by the application of the ﬁeld in Fig. 4(b) which break
fourfold symmetry and could be suggestive of strain caused by
tetragonal precipitates. Figure 4(c) shows the difference in the
ﬁeld-on minus ﬁeld-off data depicted in Figs. 4(a) and 4(b).
There are noticable small differences in the intensity in the
two magnetic-ﬁeld conﬁgurations shown in Fig. 4(c). These
differences can be highlighted by plotting the intensity as a
function of the azimuthal scattering angle φ (i.e., around a
circle of constant scattering angle) as shown in Fig. 6 for three
different scattering angles. In Fig. 6(a), only minor differences
are observed in the diffuse scattering for ﬁeld-on and ﬁeld-off
conﬁgurations near (1,0,0)-type chemical short-range ordering
peaks. These differences do not possess twofold symmetry
associated with the applied ﬁeld direction. Similar conclusions
can be made about the circle plots in Figs. 6(b) and 6(c) near
the allowed (2,0,0)-typeBragg reﬂectionswhere small residual
intensities are observed that do not possess twofold symmetry.
It is likely that such small differences in the intensity arise from
slight differences in the crystal alignment and background
in the ﬁeld-on and ﬁeld-off conﬁgurations. Thus, none of
the intensity differences are consistent with an emergent
twofold anisotropy due to the applied ﬁeld and suggest that
both chemical short-range order and lattice strains or thermal
vibrations in the sample are independent of the applied ﬁeld.
We now discuss these results in the context of neutron
diffuse scattering data, which reports the observation of a
splitting or asymmetry of SRO peaks that is ascribed to the
effect of a nanoscale tetragonal distortion in a Ga 18.7%
sample.6 The neutron data at the (1,0,0) position is very
similar to the x-ray data shown in Fig. 2. Although the peak
asymmetry is inverted, the neutron peak shape has a tail
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FIG. 6. (Color online) Circular cuts of the x-ray diffraction
intensity plotted as a function of the azimuthal angle φ at T = 20 K
for (a) the inner circle, (b) the middle circle, and (c) the outer circle.
Circular cuts are performed at three different scattering angles as
indicated in Fig. 4(b). The different lines in each panel correspond to
no applied ﬁeld (red), applied ﬁeld (black), and the difference in ﬁeld
on-ﬁeld off (blue). In panels (a) and (c), the gray line is a 21-point
boxcar average of the difference intensity. A break in placed along the
intensity axis for each panel allows inspection of the weak difference
plots on an expanded scale.
extending to the low-Q side, whereas, the x-ray data extends
to the high-Q side. This asymmetry cannot be interpreted
as an unresolved tetragonal splitting since the neutron data
would imply that c/a > 1, whereas, the x-ray data (with tail
to the high-Q side) would imply c/a < 1. Rather, the peak
asymmetry is consistent with size-effect scattering15 where
the asymmetry arises from displacements of atoms from their
nominal positions in the alloy duemainly to differences in ionic
radii of Fe and Ga. The size-effect scattering is proportional
to fGa − fFe, the difference in the scattering amplitude of Ga
and Fe. Nonresonant x-ray scattering amplitudes have fGa >
fFe, resulting in a high-Q tail. The neutron-scattering lengths
have the property that fGa < fFe, which would also explain the
low-Q tail of the neutron data in terms of size-effect scattering.
In all data presented, there is no measurable effect from an
applied ﬁeld that would suggest the alignment of tetragonal
precipitates. The diffuse scattering data in Fe-Ga alloys can
be understood as arising mainly from chemical short-range
order and thermal diffuse scattering. In other words, there
is no need to introduce nanoscale tetragonal precipitates to
understand any details of the scattering data. This conclusion
is supported theoretically by ab initio calculations showing that
D03 precipitates remain cubic.13 We still must question what
role the atomic short-range ordering plays in magnetostriction.
Our body of experimental work shows that the chemical
short-range order is mainly D03, and it has been shown, both
experimentally and theoretically, that long-range D03 ordering
is toxic to magnetostriction. However, our diffraction also
indicates B2-like tendencies, or Ga pairing, for compositions
showing the largest magnetostriction.7 In effect, quenched
disorder in compositions close to the maximum magnetostric-
tion introduces Ga-Ga next-nearest neighbors (Ga-Ga pairs
forming along the [1,0,0] direction), which are excluded in
the pure D03 atomic conﬁguration. The presence of such
pairs can be shown by ab initio calculations to enhance the
magnetostriction.2 Whereas, these Ga-Ga pairs are randomly
oriented in the cubic structure, enhanced magnetostriction
is possible if strain is introduced when the magnetization
direction and Ga-Ga pair axis are aligned.16 In principle,
such a ﬁeld-induced strain associated with Ga-Ga pairs may
also break the fourfold symmetry of diffuse scattering pattern
shown here, depending on the uniformity of the induced strain.
As we do not detect any effect of the ﬁeld, we must assume
that the strain ﬁeld is fairly uniform in Fe-Ga alloys. Thus,
whereas diffraction data show that B2-like pairing correlations
are present, we cannot conclude the role that they play in
magnetostriction from our x-ray diffraction measurements.
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